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Abstract
Exoskeletons are becoming a very powerful tool to help therapists in the rehabil-
itation of patients who have suffered from neurological conditions, in particular
stroke or spinal cord injury. This work presents a robotic exoskeleton designed
to assist overground gait training for patients with deficits in gait coordination.
The device is a bilateral exoskeleton with six degrees of freedom. It is designed
to implement different control strategies. An adaptive trajectory control has
been developed to guide the patient’s limb within a desired path, allowing a
deviation based on torque of interaction between the user and the exoskeleton.
An admittance control strategy allows the robotic platform to capture the user’s
movements during assistive training and to replicate them during active train-
ing. Experimental results show that the exoskeleton can adapt a pre-recorded
gait pattern to the gait pattern of a specific user. Future investigations will eval-
uate the device in the rehabilitation of patients who have suffered from stroke.
A comparative analysis of the effectiveness of different robotic therapies will be
proposed.
Keywords: Exoskeleton, Robotic Rehabilitation, Gait, Control, Stroke, Spinal
Cord Injury.
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Resumen
Exoesqueletos se esta´n convirtiendo en una herramienta poderosa para ayudar
a los terapeutas en la rehabilitacio´n de pacientes que han sufrido condiciones
neurolo´gicas, en particular accidente cerebrovascular o lesio´n medular. Este tra-
bajo presenta un exoesqueleto robo´tico disen˜ado para asistir a los ejercicios de
marcha ambulato´ria para pacientes con de´ficit en la coordinacio´n de la marcha.
El dispositivo es un exoesqueleto bilateral con seis grados de libertad. E´l esta´
disen˜ado para permitir diferentes estrategias de control. Un control de trayec-
toria adaptativa ha sido desarrollado para guiar la marcha del paciente dentro
de una trayectoria deseada, permitiendo una desviacio´n basada en el par de in-
teraccio´n entre el usuario y el exoesqueleto. Una estrategia de control de admi-
tancia permite a la plataforma robo´tica capturar los movimientos del usuario
durante el entrenamiento asistido y replicarlos durante el entrenamiento ac-
tivo. Los resultados experimentales muestran que el exoesqueleto puede adap-
tar un patro´n de marcha pre-grabado para el patro´n de marcha de un usuario
especı´fico. Investigaciones futuras evaluara´n el dispositivo en la rehabilitacio´n
de pacientes que han sufrido un accidente cerebrovascular. Se hara´ un ana´lisis
comparativo de la eficacia de distintas terapias robo´ticas.
Palavras Clave: Exoesqueleto, Rehabilitacio´n Robo´tica, Marcha, Control, Ac-
cidente Cerebrovascular, Lesio´n Medular.
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Chapter1
Introduction
“A journey of a thousand miles begins with a single step.”
Lao Tzu.
1.1 Introduction and Motivation
Stroke is a loss of brain function due to disturbance in blood supply on the brain.
Without blood to supply oxygen and nutrients, brain cells quickly begin to die
(Sims, N.R., Muyderman, & H., 2010). When this occurs, the affected person
usually has one or more limbs paralyzed in one side of the body because the
contralateral affected area on the brain can no longer function. When the lower
limbs are affected, a rehabilitation treatment is required to restore gait function
and regain the capacity to walk independently. A number of individual reha-
bilitation treatment approaches have been proposed to improve overall walking
ability (Hollands et al., 2012).
The recovery process to regain lost movements is more effective during the
first 3 to 6 months after the stroke onset and it is highly dependent on the indi-
vidual (Teasell et al., 2011). At this point, intervention programs can be initiated
to retrain the ability to produce strong movements and functional trajectories
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while performing activities of daily living. The most important task to be re-
learned, as claimed by patients suffering from stroke, is the possibility to walk
again, in order to return to a normal life when possible (Ditunno et al., 2006).
Task oriented and highly repetitive practice is recognized as an intervention for
the restoration of the gait function (Kidwell et al., 1998).
Recently, in an attempt to improve the recovery process of the stroke, many
robotic platforms have been developed (Mohammed, S., Amirat, & Y., 2008),
(Dollar, A.M., Herr, & H., 2008). Also, a great deal of work has been done to
demonstrate the effectiveness of robotic rehabilitation compared with manual
therapy in patients suffering from stroke. Robotic rehabilitation is a research
field that tries to understand the rehabilitation process and improve it by apply-
ing robotics devices. This rehabilitation process develops therapies using robots
as therapy aids devices (Krebs et al., 2004).
The robotic equipment for gait training can be divided into two groups: end-
effectors and powered exoskeletons (Mehrholz, J., Pohl, & M., 2012). The first
group of devices, end-effectors, simulates the stance and swing phase during
gait cycles, while the patient’s feet are placed on footplates. The work of Hesse
et al. (Hesse et al., 2010) shows a device for repetitive practice of floor walking
and stair climbing for stroke patients. The second group, powered exoskeletons,
are more advanced devices.
An exoskeleton, from Greek “exo” = outer + “skeletos” = skeleton, is an ex-
ternal structure that supports and protects an animal’s body, in contrast to the
internal skeleton of, for example, a human. Powered exoskeletons (hereafter re-
ferred as robotic exoskeletons or just exoskeletons) are wearable robots attached
to subject’s limbs, in order to replace or enhance their movements. They should
be compliant with the user’s movements and deliver at least part of the power
necessary to accomplish the movements.
1.2 Overview 3
1.2 Overview
For decades engineers and scientists have dreamed to brought to real life an ex-
oskeleton that could boost human strength, turning an ordinary person into a
“superhuman”. Due to technological limitations, practical embodiments could
not be developed until a decade ago. With the current miniaturized and pow-
erful computer and communication system, it is now possible to develop ad-
vanced control architectures. New technology also created small and powerful
actuators that can be embedded in portable devices. New power sources have
been investigated and are now making possible to increase the autonomy of un-
tethered devices. All these advances in technology are becoming real the dream
of bringing to life the robotics exoskeletons.
The first device that can be considered a precursor of modern exoskeletons
is a machine called Hardiman. Hardiman was developed by General Electric in
1965 and was intended to allow the user to lift 680 kg. Worn as an outer mechan-
ical garment, the powered structure should lift 25 kg, as the user should feel it
as just 1 kg. The device has never been used in practice, since any attempt to
perform maneuvers by the user became a violent incontrollable motion, imped-
ing the control of the machine. Further research has focused on one arm. They
have succeeded and the arm was able to lift the specified load of 340 kg. But
since the arm mechanical structure weighed 750 kg and was impossible to get
all components working together, the final project was limited. Finally, Hardi-
man size, weight, lack of stability and power supply problems kept it as just a
prototype. General Electric Hardiman prototype can be seen in Fig. 1.1.
The developed exoskeletons nowadays have two main purposes: military or
rehabilitation devices. Military exoskeletons are intended to be used by soldiers
in the battlefield or in rescue activities. They are aimed to augment the strength
and endurance of soldiers, making possible for them to carry heavy loads, walk-
ing longer distances, etc. Military exoskeleton development has been basically
promoted by DARPA (Defense Advanced Research Projects Agency), an agency
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a) b)
Figure 1.1: Hardiman prototype developed by General Electric. a) The full body structure with
an operator inside. Due to the lack of instability, the device was never turned on with the operator
inside it. b) One arm prototype. It has succeeded in the task of lift the specified load of 340 kg, as
the user feel it as only 13.6 kg.
of the United States Department of Defense responsible for the development of
new technologies for military use. Two main projects, developed respectively by
Sarcos in Utah and Berkeley in California (Steger et al., 2006), has been funded
by DARPA.
On the other hand, exoskeletons for rehabilitation are aimed to be used in
clinical environments, where these devices can help stroke survivors to regain
lost movements. Moreover, it can be applied to other types of patients, such
spinal cord injury patients. If the spinal cord lesion is incomplete, a rehabili-
tation process, similar for stroke patients, can be applied. In case of complete
lesion in the spinal cord, the exoskeleton can compensate the lost gait. Getting
these people off their wheelchair to walk again can bring a lot of benefit to their
health and independence.
In gait rehabilitation, exoskeletons assume the task of moving the patient’s
leg in a normal gait pattern, usually in an assist-as-needed paradigm (Pons,
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2008). This means that the exoskeleton only applies the force required to com-
plete the patient’s movement on impaired limbs. This approach leads to an in-
crease in volitional physical effort while also allowing the subject to focus on the
gait process, which can be more effective to motor learning.
1.3 State of the Art
In the following paragraphs, we review the state of the art of lower limb robotics
exoskeletons intended for rehabilitation and/or functional compensation. Ex-
oskeletons developed for military purpose are out of the scope of this work and
will not be reviewed here. For more information about this topic, the reader is
referred to (Mohammed et al., 2008) and (Dollar et al., 2008).
Earlier rehabilitation exoskeletons were not ambulatory devices. These sys-
tems are based on a gait orthosis and a body weight support system in combi-
nation with a treadmill (Dı´az et al., 2011). Using predetermined movement pat-
terns, they usually do not allow variation in the gait pattern. Sometimes these
platforms also use virtual reality environments, that can both motivate and en-
gage the patient to actively perform movements. One of the most used and
studied device in this category is Lokomat (Colombo, G., Joerg, M., Schreier, et
al., 2000), see Fig. 1.2. Developed by Hocoma, a Swiss company, the first version
was strictly a position controlled device, but recent developments demonstrate
more compliant strategies (Colombo, G., Joerg, M., Dietz, & V., 2000). Although
virtual environments have been used as a means to increase the user’s partici-
pation and motivation, performing gait in a real environment can be the most
challenging situation for patients. For a review that includes treadmill training
devices, the reader is referred to (Herr, 2009), (Bogue, 2009) and (Dı´az et al.,
2011).
Also, it should be noted that FES (Functional Electrical Stimulation) has been
used in many research to restore mobility in patients, specially those suffering
from spinal cord lesions. For a recent progress of FES in gait restoration, the
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Figure 1.2: Developed by Hocoma, Lokomat is based on a gait orthosis and a body weight support
system in combination with a treadmill and virtual reality system.
reader is referred to (Ragnarsson, 2007) and (del Ama et al., 2012).
1.3.1 Hybrid Assistive Limb
Hybrid Assistive Limb (HAL) is a wearable robot designed for different appli-
cations, including rehabilitation, heavy labor support, rescue support and also
entertainment. It is built in several versions: full body, lower body and one leg
versions are available (Kawamoto, H., Sankai, & H., 2002). A single leg version
of HAL has been developed to support the walking of persons with hemiple-
gia. A new version of this device, HAL5 (full body) targets paraplegic users
(Tsukahara et al., 2009).
HAL is developed by Tsukuba University and Cyberdyne, both in Japan.
The research about this exoskeleton has been conducted by Dr. Sankai, a Pro-
fessor from Tsukuba University. Cyberdyne does not sell HAL, instead, it rents
it to hospitals and medical facilities, only in Japan. In February 2013, HAL has
received a global safety certificate, becoming the first exoskeleton to achieve this
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Figure 1.3: Hybrid Assistive Limb full body model developed by Professor Sankai from Tsukuba
University, Japan. The exoskeleton has received a global safety certificate in February 2013 and
it is rented to hospitals and medical facilities in Japan.
goal.
The lower body model of the device weights about 15 kg and the full body
model about 23 kg. It is battery operated and has an autonomy of approximately
two and a half hours. Hip and knee joints actuators are based on DC servo
motors and Harmonic Drive gears, while the ankle joint is passively controlled
(Kawamoto et al., 2002). HAL has a control unit carried in a backpack by the
user. This unit runs a Linux operational system and communicates to a remote
monitoring computer by wireless Local Area Network (Lee, S., Sankai, & Y.,
2002). Figure 1.3 depicts the full body model exoskeleton of Professor Sankai.
The actuation mechanisms of HAL are based on surface electromyography
(sEMG) signals. With a surface electrode attached to the skin, the system can de-
tect the user’s movements. The exoskeleton control is performed through mon-
itoring the electromyography and the gait pattern developed by the user, in a
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hybrid system that they call “cybernetics voluntary control system” (Kawamoto,
H., Sankai, & Y., 2005). The drawback of this control system is that it requires
a process of adaptation and adjustment to a specific user that can take up two
months depending of each person (Guizzo, E., Goldstein, & H., 2005), which
makes it impractical in a rehabilitation setting.
HAL has been used to conduct clinical trials in different hospitals in Japan
(Suzuki et al., 2005), (Kawamoto et al., 2009). One study underwent by Maeshima
et al. (Maeshima et al., 2011), with comprised 16 stroke patients with severe
hemiplegia. Four patients required gait assistance and 12 needed supervision
while walking. They have compared stride length, walking speed and physio-
logical cost index on wearing bilateral HAL suit and a knee-ankle-foot orthosis.
The results showed that HAL suit increased the stride length and walking speed
only in 4 of 16 patients. The physiological cost index has increased in twelve
patients after the gait training, but removing the suit led to a decrease in the
physiological cost index values to equivalent levels prior to the use of HAL.
As authors concluded in their study, HAL is not useful for all hemiplegic pa-
tients, although it may increase the walking speed and affect the walking abil-
ity. The HAL suit uses electromyography signals to provide power assistance,
which may make it difficult for severely hemiplegic patients to perform activi-
ties using their own muscles. This could lead to instability, resulting in decreases
in stride length and walking speed.
1.3.2 ReWalk
ReWalk is a wearable motorized suit from Argo Medical Technologies Inc. that
can be used for therapeutic activities (Goffer, 2006). ReWalk exoskeleton has hip
and knee movements powered in the sagittal plane. It comprises a light wear-
able brace support suit, which integrates DC motors at the joints, rechargeable
batteries, an array of sensors and a computer control system (Dı´az et al., 2011).
The device is powered by rechargeable batteries intended for all-day use and
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Figure 1.4: ReWalk exoskeleton from Argo Medical Technologies Inc. A personal model has
been market in Europe since 2012. In United States this personal model is still waiting the FDA
clearance.
overnight charging. It goes on a backpack carried by the user. The device is
customized and sized for each patient (Esquenazi et al., 2012). Figure 1.4 depicts
a photo of Argo’s exoskeleton.
Changes in the user’s center of gravity are detected and used to initiate
and maintain walking processes. The user also has a remote control placed in
his/her arm, like a watch. With this interface it is possible to start different
tasks, such as sit-to-stand or climbing stairs. ReWalk is intended for persons
with lower limb disabilities that have suffered injuries in the spinal cord. It can-
not keep balance control, so the user should always be supported by crutches.
Argo Medical sells two models of its exoskeleton, called Rewalk Rehabilita-
tion and ReWalk Personal. The first one in intended for clinical use and has been
deployed in rehabilitation centers across Europe, Israel and United States. The
second model is intended for personal use as an assistive system. In 2012 Argo
started selling ReWalk Personal model in Europe. After a time of training with
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the device, the user can buy one to use it at home. In United States this personal
model is still waiting the FDA (Food and Drug Administration) clearance.
ReWalk is undergoing clinical trial testing at the Moss Rehabilitation Hospi-
tal in Philadelphia, United States (Zeilig et al., 2012).
1.3.3 Ekso Bionics
Ekso Bionics (earlier Berkeley Bionics) is a North American company that orig-
inally developed exoskeletons for military use. In October 2010 they have un-
veiled a rehabilitation version called eLEGS (Exoskeleton Lower Extremity Gait
System) that in 2011 was renamed as Ekso.
Ekso weights approximately 20 kg and has a maximum speed of 3.2 km/h
with a battery life of 6 hours. It can execute sit-to-stand and stand-to-sit opera-
tions and walk in a straight line. Ekso is currently going under development to
become lighter and more adaptable. Clinical trials are on-going in rehabilitation
centers in United States.
The device can be commanded by a user interface that can control the device
step by step. In Fig. 1.5 is depicted a picture of Ekso.
1.3.4 Vanderbilt Exoskeleton
The Vanderbilt exoskeleton is a prototype developed in the University of Van-
derbilt (Tennessee, United States) in the Center for Intelligent Mechatronics. The
device weights about 12 kg and, like the other robotics exoskeletons discussed
here, it has only hip and knee as actuated joints. Ankle and foot support are
not present on the device and it has to be used with an off-the-self ankle-foot
orthosis.
The device is powered by brushless DC motors through a 24:1 gear reduc-
tion, which provides a maximum continuous torque of 12 Nm for hip and ankle
joint. Additionally, knee motors are equipped with electromechanical brakes
that lock knee joints in an event of power failure. Potentiometers are used as
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Figure 1.5: eLEGS: Exoskeleton Lower Extremity Gait System, developed by Ekso Bionics.
In 2011 the device was renamed Ekso. Currently there are some clinical trials undergoing in
rehabilitation centers in United States with Ekso.
angular position sensors. A lithium polymer battery of 29.6 VDD and 3.9 Ah
brings one hour of autonomy for continuous walk with the device at a speed of
0.8 km/h (Farris et al., 2011).
The control of the orthosis is based on postural information measured on
the device, that the authors claim, enable the user to control autonomously the
device in a safe, reliable and intuitive manner (R. J. Farris, 2012).
The device is designed to provide gait assistance to persons with paraplegia.
It is modular and split into three pieces, which makes it easy of dressing on and
off, even if the user is in a wheelchair. The device can support people weighting
up to 91 kg. In Fig. 1.6 a picture of Vanderbilt exoskeleton is shown. The authors
said that a trade-off associated with the design of the device is that it needs a
custom fitting for each user of different sizes.
In October 2012 Vanderbilt University has signed an exclusive agreement
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Figure 1.6: The Vanderbilt exoskeleton, designed to provide gait assistance to persons with
paraplegia. In October 2012 Vanderbilt University has signed an exclusive agreement with
Parker Hannifin Corporation to commercializing the orthosis. Parker has named the exoskeleton
as Indego and it is planning to release a version to market in 2014.
with Parker Hannifin Corporation for further development and commercializa-
tion. Parker has named the exoskeleton as Indego and is planning to release a
version to market in 2014. To date, Indego still does not have an FDA approval
and is not currently available for marketing.
In February 2013 Parker has formalized an agreement with the Sphered Cen-
ter hospital in Atlanta, United States, where the exoskeleton is going under clin-
ical testing with spinal cord injury patients.
1.4 Objective
Ambulatory exoskeletons with control strategies that challenge the user to per-
form movements in real environments can be more effective to reinstate neuro-
plasticity and improve motor functions when compared with treadmill training.
In addition, ambulatory exoskeletons can be a valuable assessment tool avail-
able to the clinicians. Recent evidences indicate that robotic therapy combined
with traditional therapy programs can enhance functional motor learning (Volpe
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et al., 2000), (Hidler et al., 2005), (Banala et al., 2009), (Krebs et al., 1998).
This work presents the development of an ambulatory robotic exoskeleton
to assist overground gait training. Differently from the aforementioned devices,
it has the three joints actuated, including an ankle actuator. This actuator can
make up for the lack of actuation in paraplegic users and assist in the balance
task (Neuhaus et al., 2011). So, the device could improve sit-to-stand movement
and also make possible some balance training exercises in addition to gait reha-
bilitation.
The exoskeleton presented here has been developed in the framework of the
HYPER Project. This project has been supported by Spanish Government.
1.5 HYPER Project
The HYPER Project (Hybrid Neuroprosthetic and Neurorobotic Devices for Func-
tional Compensation and Rehabilitation of Motor Disorders) is funded by Minis-
terio de Ciencia y Innovacio´n, Spain (CSD2009 - 00067 CONSOLIDER INGENIO
2010).
The research in this project offers a significant advance in investigating Neu-
rorobotics (NR) and Neuroprotesics (MNP) devices in close interaction with the
human body. The objective is both rehabilitation and functional compensation
of motor disorders in activities of daily living. HYPER focuses its activities on
the development of novel configurations of neurorobots (exoskeletons), neuro-
prostesics (MNP) and virtual reality (VR). These devices, by their combined ac-
tion, can enhance and help restore the latent capacities of patients suffering from
stroke or spinal cord injury, have lower limb motor or higher disorders.
The integration of the various components of this project aims to overcome
the major limitations of current rehabilitation solutions for particular cases of
stroke and spinal cord lesions. It is a combination of artificial and biological
structures integrated to restore motor function in patients.
The project aims to validate, both clinically and functionally, the concept
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of developing hybrid devices for rehabilitation and functional compensation of
motor disorders, under an assist-as-needed paradigm. The main challenges are
to improve the outcome of therapy and allow an early recovery.
Furthermore, HYPER proposes a multimodal BCI (Brain Computer Inter-
face) system. Its main objective is to explore different levels of neural activ-
ity and characterize the involvement of the user with the rehabilitation process.
Based on the BCI information, EMG signals and a set of sensors and algorithms,
a Neuroestimator tries to estimate patient’s current capability to perform a task.
This information is used to modify in real time the intervention with the hybrid
systems.
In Fig 1.7 the general architecture of all components that integrates HYPER
can be seen. The communication between a medical interface and a high level
control is done via Ethernet by UDP (User Datagram Protocol) protocol. All the
others components are connected via a CAN (Controller Area Network) bus.
This bus is dedicated to send control commands to the hybrid actuators and
receive feedback from the sensors.
1.6 Organization of the Document
This master thesis specifically describes the mechanical, electronic and control
design of a lower limb exoskeleton. Moreover, it presents an experimental trial
with a healthy volunteer and also the data characterizing the different types of
control implemented for the device.
The document is organized in 5 chapters. Chapter I presents an introduction
to the work and the state of the art in the field of exoskeletons for rehabilitation,
as an introduction to HYPER Project, which is the framework for this thesis.
Chapter II describes the mechanical aspects of the exoskeleton and the hard-
ware used for control. In the Chapter III i is described the software embedded
that controls the exoskeleton for different rehabilitation purposes. The experi-
ments and the results are presented in Chapter IV. Finally, Chapter V presents
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Figure 1.7: HYPER general architecture of all components. The integration of the various com-
ponents of this project aims to overcome the major limitations of current rehabilitation solutions
for particular cases of stroke and spinal cord lesions.
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a conclusion and the future work planned for the use of the exoskeleton in the
rehabilitation field.
Chapter2
Hardware Design of the
Exoskeleton
“The suit makes the man.”
Proverb.
This chapter first details the mechanical structure and components of the
exoskeleton. Following, the electronic hardware used to control the device is
fully explained.
The mechanical design of the exoskeleton consisted in two fundamental stages.
First, the specifications for the device were obtained from a preliminary study of
the target population. Then, based on these data, the device was mechanically
designed to match those specifications. Special care was taken with mechanical
adjustments, so, that the device can fit as well as possible all target population
without the need of changing parts.
The exoskeleton is intended for rehabilitation of adult people in the range of
1.50 and 1.90 meters tall, with a maximum body weight of 100 kg, with gait dis-
abilities, such as stroke or spinal cord injury. It is conceived for assist-as-needed,
overground gait training in a clinical environment and to be used by patients
who are able to stabilize the trunk while maintaining some level of balance. To
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avoid possible falls and subsequent injury, patients should always be attended
by clinicians while using the device. Depending on injury level some addition-
ally security devices may be necessary, as crutches, parallel bars or safety har-
ness.
2.1 Mechanical Design
The exoskeleton design is lightweight, i.e. about 9 kg. It is conceived as a bilat-
eral wearable device with six DoF (Degrees of Freedom), in which hip, knee and
ankle are powered joints. The gait cadence is expected to reach up to 0.5 m/s
(1.8 km/h).
Aluminum and stainless steel are primarily used in the mechanical structure
to account for mechanical resistance and reduced weight. The exoskeleton frame
has bilateral uprights for the thigh and the shank, hinged hip, knee and ankles
and articulated footplates (distally) and waist area (proximally). The knee hinge
function was performed by a four-bar mechanism, similar to the anatomy of
the knee joint, as described in (Moreno et al., 2008). The four-bar mechanism is
more complex than a monocentric joint, but follows more closely the kinematics
of the anatomical knee articulation. With this design the device can better adapt
to the human anatomy and improve its compliance. In Fig. 2.1 it is illustrated
the similarity between the human and the developed robotic joint for the knee.
The mechanical structure is designed to allow active and passive movements
in the sagittal plane. In the frontal plane, some passive movements are possible
in the hip joint due to the compliant hip attachment. The range of joint angles is
mechanically limited to avoid potential damage to the user. The maximum val-
ues are shown in Table 2.1. For the ankle, plantar-flexion is shown as extension
and dorsi-flexion as flexion.
The length of the thigh and the shank links can be adjusted by a mechanism
of two telescopic bars that are fixed in different positions by screws. The same
mechanism is used to change the position of the foot relative to the exoskeleton’s
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a) b)
Figure 2.1: The robotic knee hinge function was performed by a four-bar mechanism. a) The
human knee joint compared with b) The exoskeleton joint developed.
Table 2.1: Maximum joint angles.
Hip Knee Ankle
Flexion 100 ◦ 100 ◦ 20 ◦
Extension 20 ◦ 5 ◦ 15 ◦
ankle. Figure 2.2 depicts the details about the adjustment of the different links.
Thigh and shank length can also be adjusted even when the patient is wearing
the device. One more advantage of the exoskeleton is that the footplates can
accommodate different types of shoes. Thus, patients do not have to remove
their own shoes neither wear special ones.
The size and positions of adjustable rounded pelotte carriers with velcro
straps allow for customization to individual requirements. The mechanical struc-
ture is depicted in Fig. 2.3. Foam pads are used to minimize pressure against
the skin and prevent damage.
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Figure 2.2: a) The length of the thigh and the shank can be adjusted by a mechanism of two
telescopic bars that are fixed in different positions by screws. This adjustment is possible even if
the patient is wearing the device.
Figure 2.3: Mechanical parts of the exoskeleton legs assembled. Aluminum and stainless steel
are used in the mechanical structure to account for mechanical resistance and reduced weight.
The device is adjustable in order to fit an adult person between 1.50 and 1.90 meters tall.
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2.2 Actuators
The design and selection of the actuators were based on typical values of torque
and power of each joint along the gait cycle during normal gait (not patholog-
ical) at normal speed (Winter, 2009). A study of different possible candidates
for actuators was evaluated. The most relevant criteria to select the actuation
technology to drive the human joints were the specific power (ratio of actuator
power to actuator weight) and portability. Linear hydraulic and pneumatic actu-
ators have high power density, but some works suggests that the use of electric
motors provide a reduction in power consumption during gait (Zoss, A., Kaze-
rooni, & H., 2006). Also, hydraulic and pneumatic actuators are usually bulky
and cannot be easily controlled. DC motors meet the criteria of necessary power
with a compact and portable solution for wearable devices. Within the DC mo-
tors category, brushless motors offer several advantages for wearable devices,
including higher efficiency, more torque density, increased reliability, reduced
noise, longer lifetime and reduction of electromagnetic interference. Based on
these important characteristics, brushless DC motors were selected. Moreover,
the selected motors are flat type. This characteristic brings the possibility of
placing the motors coaxially with the joints and maintaining a small volume on
the side of the leg.
As the exoskeleton joints need more torque and less speed than DC motors
can provide directly, a possible solution for increasing torque and reducing the
speed is coupling a gearbox to the motor shaft output. To achieve a lightweight
and a small volume solution, strain wave gears were selected as a gearbox.
Strain wave gears are a special type of mechanical gear system, also known as
“harmonic drive”, because it is produced by the Harmonic Drive company. The
main advantages of this type of gearbox, when compared to traditional gearing
systems, include: no backlash, compactness, high gear ratios, high torque capa-
bility, coaxial input and output shafts, good resolution and excellent repeatabil-
ity when repositioning inertial loads (Sclater, 2001),(Lauletta, 2006). In Fig. 2.4
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Figure 2.4: Motors and strain wave gear used as actuators: a) A 90 W motor for hip joints; b) A
70 W motor for knee and ankles joints; c) Strain wave gear, popular known as “harmonic drive”,
used in hip, knee and ankles joints.
it is shown the motors and strain wave gears used in the joint actuators.
A 90 W DC motor (Maxon EC90-90W) is used in both hip joints. This motor
has a rated voltage of 24 VDC and nominal torque of 390 mNm. Furthermore, a
strain wave gear with gear ratio of 100:1 is coupled to the motor shaft and gives
to the hip a maximum continuous net torque of 39 Nm. The peak torque can
reach 5 times more the nominal torque. An average torque of 35 Nm for the hip
actuator is presumed to be adequate enough for most patients (Colombo, G.,
Joerg, M., Schreier, et al., 2000).
DC motors of 70 W (Maxon EC45-70W) with 130 mNm of torque capacity are
used in the knee and the ankle joints. Coupled to a strain wave gear with gear
ratio of 160:1, the maximum continuous net torque in these joints is 20.8 Nm. As
the hip joints, the peak torque can reach 5 times the nominal torque. In Fig. 2.5
it is shown the hip, knee and ankle joints.
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Figure 2.5: Hip, knee and ankles joints.
2.3 Power System
The joint motors are driven by a PWM (Pulse Widht Modulation) servo drive
(Advanced AZBH12A8) designed to drive brushless DC motors at high switch-
ing frequency. The AZBH12A8 is fully protected against over-voltage, over-
current, over-heating, invalid commutations and short-circuits. It uses Hall sen-
sors feedback to commute phases and thus control the motor velocity. With a
compact size, 63.5 x 50.8 x 16.8 mm, and only 86 grams, it operates in a four-
quadrant mode, which allows it to regenerate power when motors are being
decelerated. An analog line gives to the drive the velocity set point. Each drive,
seen in Fig. 2.6, can drive a single joint.
A Lithium-ion battery pack of 22.5 VDC and 6.8 Ah is used to power the
exoskeleton. The battery pack weights 960 grams and measures 180 x 70 x 40
mm. This small power pack is expected to run the exoskeleton for about one
hour of continuous walk.
24 Hardware Design of the Exoskeleton
Figure 2.6: Advanced AZBH12A8 PWM servo drive designed to drive brushless DC motors at
high switching frequency. Six drives are used in the exoskeleton, one for each joint.
The 22.5 VDC powers the motor drives. Switched regulators are used to
generate 12 VDC and 5 VDC from the main power supply. These voltages are
used to power the sensors and the control architecture. In Fig. 2.7 a diagram
representing the power system is shown.
2.4 Sensors
The exoskeleton is equipped with two types of sensors: kinematic and kinetic.
Kinematics sensors are used for measuring angular position, velocity and accel-
eration; kinetic sensors measure the force of interaction between user’s limb and
exoskeleton.
Each joint is equipped with a precision industrial potentiometer used as an
angular position sensor. The 10 kΩ potentiometer used has a tight linearity,
i.e. ±0.25%, and long rotational life. Its stainless steel shaft is coupled to a
toothed pulley and a toothed belt is used to transmit the joint motion. This
avoids slippage and therefore a loss of reference position. This sensor can be
seen in Fig. 2.8.
Strain gauges attached at each exoskeleton link are used as force sensors.
These sensors are designed to measure the torque produced by the interaction
between the subject’s limb and the exoskeleton. Four strain gauges are con-
nected in a full Wheatstone bridge configuration to enhance the measurement
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Figure 2.7: Exoskeleton power system representation. A Lithium-ion battery pack of 22.5 VDC
and 6.8 Ah is used to power the motors drives. Switched regulators are used to generate 12 VDC
and 5 VDC to power the sensors and control architecture.
Figure 2.8: Position and interaction torque sensors in the hip joint.
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accuracy and insensitivity to temperature variations. The bridge is excited with
5 VDC. A custom-made electronic circuit was developed to balance the bridge
for null point measurement and amplify the output 100 times. Thus, the output
signal is in a range that allows torque measurements from –40 to +40 Nm. This
range was chosen based on the maximum continuous torque of the actuators.
A calibration constant was obtained by using a set of calibrated weights and
minimizing with a least square algorithm.
After the strain gauges are attached to the links, they are covered and pro-
tected by a hard resin. This avoids humidity and external contamination that
can cause damage to the strain gauges or interfere with measurements. In Fig.
2.8 an image of the strain gauges covered by a hard resin in the exoskeleton link
is shown.
Besides the torque of interaction between the subject and the exoskeleton,
the system can also measure the actuator’s torque. This task is carried out by the
servo drives that use the current of the motors to compute the output torque.
The footplate of the exoskeleton is equipped with two force-sensing resistors
that detect foot contact between subject’s foot and the ground. These sensors are
located under the heel and the toe, and their main goal is to detect the different
phases of gait cycle. The exoskeleton, its actuators and sensors are shown in Fig.
2.9.
An IMU (Inertial Measurement Unit) was developed to capture informa-
tion about the inclination of the patient. It is a small custom-made board that
contains an ultra compact, high performance MEM ( Micro ElectroMechani-
cal) module with a 3D accelerometer and 3D magnetometer. The MEM module
(LSM303DLHC) is manufactured by STMicroelectronics and communicates by
I2C protocol. The digital output data is given in 16 bits for each axis. A DSP
(Digital Signal Processor) microcontroller collects the digital output data from
the MEM module and send it via a CAN bus.
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Figure 2.9: Lower limb rehabilitation exoskeleton. Hip, knee and ankle joints are powered by
DC motors coupled to strain wave gear. Potentiometers are used as angular position sensors.
Force sensors at each link measure the torque between user’s limb and robot. The footplates are
equipped with sensors to detect the phases of gait cycle.
This same electronic board contains a Bluetooth module (RN41) manufac-
tured by Roving Networks. It communicates with the microcontroller via a se-
rial port. This module is intended to be an adapter between CAN and Bluetooth
to facilitate the communication of the exoskeleton control system and a user in-
terface. Figure 2.10 shows the scheme of this board that contains the IMU and
Bluetooth/CAN adapter.
At the frequency of 100 Hz, the board sends two packets of six bytes each
with information on inclination and orientation. Moreover, the packets received
by Bluetooth are translated into a six byte packet and also sent via CAN. Table
2.2 shows the CAN message format sent to the embedded computer.
Fig. 2.11 shows the electronic board developed to communicate wirelessly
with the user interface and collect the orientation and inclination of the patient.
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Figure 2.10: The custom-made board scheme that contains the IMU and Bluetooth/CAN
adapter. The Bluetooth module is intended to communicate wirelessly with a user interface.
a) b)
Figure 2.11: IMU and Bluetooth/CAN adapter board developed. Surface mounting components
are used to reward us with the possibility of a reduced size. a) Top side and b) Bottom side.
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Table 2.2: CAN messages sent by IMU and Bluetooth/CAN adapter to the embedded computer.
Data Type Msg ID Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 Byte 6
Inclination 530 X axis MSB X axis LSB Y axis MSB Y axis LSB Z axis MSB Z axis LSB
Orientation 540 X axis MSB X axis LSB Y axis MSB Y axis LSB Z axis MSB Z axis LSB
Interface 550 On/Off Gait Speed – – – –
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Figure 2.12: The custom-made JointCAN boards amplify, filter and digitalize all sensor signals.
The digital signals are sent by a CAN bus to the embedded computer that controls the exoskeleton.
2.5 Data Bus
All sensors are connected to small custom-made electronic boards located on
each joint. This approach minimizes the amount of wires, cables and connec-
tions in the exoskeleton. A second CAN bus connects all six joints to the embed-
ded computer that controls the exoskeleton.
The boards, here called JointCAN, contain all the circuitry for the analog fil-
ters for each joint sensor and also the amplifiers for the strain gauges. After fil-
tering and amplifying, the signals are digitalized by a DSP microcontroller and
sent to the CAN bus. Figure 2.12 depicts the scheme for each JointCAN board.
The CAN bus works at 1 Mbps. At the frequency of 1 kHz, each board sends
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six bytes of information on joint position and interaction torque. For the an-
kle joints, the foot-ground contact measured by the force-sensing resistor is also
sent. Table 2.3 shows the CAN message format sent to the embedded computer.
Table 2.3: CAN messages sent by JointCAN boards to the embedded computer.
Joint Msg ID Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 Byte 6
Right Hip 100 Position MSB Position LSB Torque MSB Torque LSB – –
Left Hip 110 Position MSB Position LSB Torque MSB Torque LSB – –
Right Knee 120 Position MSB Position LSB Torque MSB Torque LSB – –
Left Knee 130 Position MSB Position LSB Torque MSB Torque LSB – –
Right Ankle 140 Position MSB Position LSB Torque MSB Torque LSB FSR Heel FSR Toe
Left Ankle 150 Position MSB Position LSB Torque MSB Torque LSB FSR Heel FSR Toe
The microcontroller used in the JointCAN boards is a Microchip DsPIC30F4013.
It works at 16 MHz of clock and digitalizes the analog sensors input with 12 bits.
Two bytes are used to send position and two bytes to send the interaction torque
via CAN bus. The force-sensing resistor information is intended to binary de-
tect the foot-ground contact. Thus, only the 8 most significant bits are sent to the
embedded computer. JointCAN boards are powered by 5 VDC that comes in
two wires parallel to the CAN bus. The boards are low power consumption, re-
quiring only about 350 mW. This way, only 4 wires are necessary to connect the
six boards to control computer. In Fig. 2.13 is depicted the custom-made board
in its both sides. Surface mounting components are used to reward us with the
possibility of a reduced size.
2.6 Control Architecture
The control architecture consists of three main parts: A simple user interface
that runs on a smartphone, a dedicated embedded computer standard PC104
running the low-level control and the acquisition and communications boards.
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a) b)
Figure 2.13: JointCAN board developed. Surface mounting components are used in a) Top side
and b) Bottom side of the boards.
2.6.1 User Interface
The user interface is programmed in Java and runs on an Android operational
system in a smartphone. With this application, therapists can start and stop the
execution of the gait process and change the gait speed. Moreover, the interface
allows therapists to execute the gait process step by step. The interface commu-
nicates wirelessly by Bluetooth technology with the Bluetooth/CAN adapter
board. Figure 2.14 depicts one of the interface screens.
The Bluetooth commands send by the interface are summarized in Table 2.4.
2.6.2 Embedded Computer
The core of the control architecture is based on a PC104 computer. PC104 in an
embedded computer standard controlled by PC/104 Consortium that defines a
form factor and a computer bus. The form factor was originally created by Am-
pro in 1987 and standardized by the consortium in 1992 (Himpe, 2006). PC104
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Figure 2.14: The user interface running on a smartphone. It sends commands to the embedded
computer by Bluetooth technology. Therapist can control de exoskeleton gait through this simple
interface.
is intended to embedded computing in hard environments where applications
require reliable data acquisition.
The PC104 form factor allows modules to stack together like building blocks
through the bus connectors (PCI and/or ISA bus). This connection type associ-
ated to standard manufactured boards with communications and I/O capabili-
ties that work together with the PC104 can speed up prototyping.
For ease during prototyping and debugging, the PC104 stack was chosen.
The main characteristics of the PC104 are summarized in Table 2.5.
The PC104 runs a Matlab kernel with real-time control capabilities. All con-
trol algorithms are implemented using Simulink under the xPC Target software.
The control software is divided in two levels. A low-level control is responsible
for acquiring the signals from the sensors and controlling each motor indepen-
dently. A high-level control algorithm coordinates the exoskeleton gait pattern
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Table 2.4: Summary of Bluetooth commands send by the interface to the embedded computer.
Command Type Msg ID Value
Gait Mode 100 1
Step by Step Mode 100 2
Start Gait 110 1
Stop Gait 110 0
Speed 1 120 1
Speed 2 120 2
Speed 3 120 3
Right Step 130 0
Left Step 130 1
Table 2.5: Characteristics of the embedded computer PC104 used as a core of the architecture of
control.
Manufacturer Advantech
Model PCM-4153FZ-L0A2E
CPU AMD Geode LX800 up to 500 MHz
Cache Memory 128 kB on Processor
Chipset AMD Geode LX800
Memory 512 MB DDR333 SDRAM
Storage 1 GB FLASH
Ethernet 10/100 Base-T
according to the speed and other parameters selected by the therapist. The soft-
ware will be explained in details in the next chapter.
An Ethernet bus is used to upload the Simulink code into the PC104. This
bus also allows an optional communication between the PC104 and a computer.
This communication link is only used to capture data and information generated
in the exoskeleton for online or offline analysis, but it is not necessary to control
it.
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2.6.3 Communication and I/O Boards
Together in the stack with the PC104 there are three other boards: a CAN board
and two I/O boards with digital and analog capabilities. These boards commu-
nicate with the PC104 via PCI bus.
The CAN board has two communication ports at 1 Mbps and is used for
real-time communications between the PC104 and the peripherals. Port one is
connected to the data bus and receives the information of all exoskeleton’s sen-
sor. Port two is connected to the IMU and Bluetooth/CAN adapter, where the
PC104 can receive commands from the user interface. This second CAN port
can also be used for receiving/sending data from/to another computer PC104
in real time.
Besides the CAN board, two acquisition boards are connected to the PC104
stack. These boards are used to interface the motor’s drive and the PC104. They
digitalize the torque output signal provided by the drives. Moreover, they are
used to generate six analog output signals of ±10 VDC used as reference for
each motor.
The main characteristics of these boards are summarized in Table 2.6. An
overview of the hardware control architecture is depicted in Fig. 2.15.
All these control hardware, including the PC104, the acquisition and CAN
boards, the servo drives for the motors and the battery pack are mounted in a
backpack. It weights less than 2 kg and can be carried by the user, as seen in Fig.
2.16, if the patient has the capability for doing it. If not, it can be carried apart
without problems.
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Figure 2.15: Hardware control architecture overview. All sensors in both legs are connected by
a CAN bus to the embedded computer. The user interface communicates wirelessly by Bluetooth
technology to a second CAN bus by means of a custom made adapter. An Ethernet link is used
to capture the kinematic and kinetic data.
Figure 2.16: All the control hardware, including the PC104, the acquisition and CAN boards,
the servo drives for the motors and the battery pack are mounted in a backpack.
Table 2.6: Characteristics of the boards in the stack together with PC104.
CAN Board
Manufacturer Softing
Model CAN-AC2-104
CPU Siemens SAB-C165
CAN Controller Philips SJA1000
Baudrate 1 Mbps
I/O Board
Manufacturer Diamond
Model MM32X-AT
Analog Input 32 Channels of 16 bits
Analog Output 4 Channels of 12 bits
I/O Analog Range –10 to +10 VDC
Digital I/O 24 Configurable Channels
Calibration Automatic
Chapter3
Software Design of the
Exoskeleton
“You can’t control the wind, but you can control your sails.”
Anthony Robbins.
The algorithm for the exoskeleton control are implemented using Simulink.
The use of this platform makes the development of the software faster and the
debugging process easier, since Simulink is essentially a graphical interface tool.
Thus, is almost unnecessary to write code. The source code is generated by
Simulink based on the graphical model. Another advantage of using Simulink
is that the model developed is much more comprehensible for co-workers when
compared with source code in others languages.
Simulink models executed in a conventional PC are usually not real time
compatible. Moreover, a standard PC usually does not have input/output hard-
ware for real time communications and signals acquisition. These important
points create the impossibility to use a conventional PC when controlling a de-
vice such an exoskeleton. For that reason we have used a stack with a PC104,
where Matlab and Simulink models can be executed in real time.
Simulink has an option for generating code that can be executed in external
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Figure 3.1: Scheme of executable code generation in Simulink. xPC Target generates C code and
a C compiler generates the executable code from that.
devices. The task of generating such code is carried out by xPC Target software.
xPC Target generates C code from Simulink models. After that, a C compiler
(Microsoft Visual C Studio in our case) linked to Matlab generate an executable
code that can be uploaded into the PC104. Special hardware libraries are nec-
essary when using input/output or communications boards connected to the
PC104. These libraries are developed by the hardware manufacturer and added
into Simulink.
Figure 3.1 depicts the scheme of code generation when using the xPC Target
software, that, for now, is only available for Windows version of Matlab.
A HAL (Hardware Abstraction Layer) was created for low-level control of
the exoskeleton. This software layer can control the exoskeleton actuators in po-
sition, admittance or torque. The idea is to make the joint actuators transparent
for a superior layer in terms of control. In this way, another layer called HLC
(High Level Control) will be responsible for implementing different strategies to
control the gait of the exoskeleton. Some strategies are already developed and
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Figure 3.2: The Hardware Abstraction Layer for one leg. It is divided in three main blocks:
Signals Acquisition and Adaptation, Controllers and Signals Output.
presented in Chapter IV.
The Hardware Abstraction Layer is divided in two blocks, one for each leg
of the exoskeleton. Each leg block consists in three main blocks: Signals Acquisi-
tion and Adaptation, Controllers and Signals Output. In Fig 3.2 the HAL model
in Simulink for one leg block can be seen.
3.1 Signals Acquisition and Adaptation
The first main block of the HAL is responsible for receiving the signals from the
exoskeleton sensors on each leg. The motor’s torque signal coming from the
drives are digitalized by the two I/O boards (each one for each leg). The signals
from the other exoskeleton’s sensors are collected by the CAN data bus and are
already digital.
All these signals should be converted to the physical variables that they rep-
resent. Before conversion, the signals are filtered by a digital low-pass filter
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(Butterwoth, 2nd order, 5 Hz) based on the maximum dynamics of the joints.
After filtering, a mathematical function converts the signals to their physical
magnitude.
The potentiometers signals are converted to degrees, based on the range of
motion of each specific joint as seen in Table 2.1. Interaction torque and actuators
torque are proportionally converted to Nm. The torque range was adjusted to
±40 Nm, based on the maximum continuous torque for each joint.
The ground contact detected by the foot switches is converted to a binary
signal. A hysteresis comparison is used to avoid noise in the detection process
of gait cycles.
3.2 Controllers
For each one of the six joints three types of control were implemented: position,
admittance and torque. The joints can be independently controlled, i.e., not the
same type of control has to be necessarily applied at the same time for different
joints. HAL can switch between the different control modes in execution time.
An internal command bus connects HAL to HLC inside Simulink. This bus
is basically an array of six bytes in which HLC sends information related to type
of control and the set point for each joint controller. Table 3.1 summarizes the
command data.
Table 3.1: Command data sends by HLC to HAL inside Simulink.
Type of Information
Byte 1 Joint Target
Byte 2 Control Type
Byte 3 Set Point
Byte 4 High Limit
Byte 5 Low Limit
Byte 6 Reserved
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Byte 1 value specifies the joint to be controlled:
• 1 = Right Hip; 2 = Right Knee; 3 = Right Ankle
• 4 = Left Hip; 5 = Left Knee; 6 = Left Ankle
Byte 2 is the control type that applies to a specific joint:
• 1 = Position; 2 = Admittance; 3 = Torque
Byte 3 is the set point. For position control the value range is: hips (-20 ◦ to
+100 ◦); knees (-5 ◦ to +100 ◦); ankles (-20 ◦ to +15 ◦). Negative values correspond
to extension joint movements and positive values correspond to flexion joint
movements. For torque control the value range is: hips (-40 to +40 Nm); knees
and ankles (-20 to +20 Nm). For admittance control this value is always taken as
zero.
Byte 4 is the joint high limit used for torque control. It specifies the maximum
range of motion. The value range is: hips (-20 ◦ to +100 ◦); knees (-5 ◦ to +100 ◦);
ankles (-20 ◦ to +15 ◦).
Byte 5 is the joint low limit used for torque control. It specifies the minimum
range of motion. The value range is: hips (-20 ◦ to +100 ◦); knees (-5 ◦ to +100 ◦);
ankles (-20 ◦ to +15 ◦).
Byte 6 is reserved for future use.
3.2.1 Position Control
The interaction between the exoskeleton and the subject’s leg should be as smooth
as possible, avoiding abrupt movements that can cause discomfort to the user
in the interaction zones and instability. For this reason, the position controller
should avoid oscillations in the trajectory and overshoot response. This behav-
ior can be achieved through the correct tuning of a PID (Proportional-Integral-
Derivative) controller.
The output reference u(t) of a PID controller is given by:
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u(t) = Kpe(t) +Ki
∫ t
0
e(τ) dτ +Kd
d
dt
e(t) (3.1)
where:
Kp is the proportional gain, a tuning parameter;
Ki is the integral gain, a tuning parameter;
Kd is the derivative gain, a tuning parameter;
e is the error between the set point and the actual condition;
t is the instantaneous time (the present);
τ is a variable of integration that takes values from time 0 to the present.
For designing a digital implementation of a PID controller, a discretization
process is required. The equation 3.1 can be adapted to a discrete function for a
digital controller, based on the sample time 4t, which in our case is 1 ms. The
integral term can be discretized as follows:
∫ t
0
e(τ) dτ =
k∑
n=1
e(n)4t (3.2)
The derivative term can be approximated as a first order function:
d
dt
e(t) =
e(k)− e(k − 1)
4t (3.3)
Based on equations 3.2 and 3.3, the digital PID is given by:
u(k) = Kpe(k) +Ki
k∑
n=1
e(n)4t+Kd e(k)− e(k − 1)4t (3.4)
where k is the present sample time. In order to tune the PID controller, the
parameters Kp, Ki and Kd have to be calculated. We have used the Ziegler-
Nichols tuning method (Ziegler & Nichols, 1942), followed by a manual correc-
tion to avoid overshoot and stationary error.
Ziegler-Nichols tuning method is performed by setting Kd and Ki gains to
zero and increasing Kd gain until the control loop oscillates with a constant am-
plitude. This ultimate gain called Ku and the oscillation period Tu are used to
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Figure 3.3: PID position controller. The parameters Kp, Ki and Kd were calculated using
the Ziegler-Nichols tuning method, followed by a manual correction to avoid overshoot and
stationary error.
set the PID gains as seen in Table 3.2.
Table 3.2: Ziegler-Nichols tuning parameters.
Kp 0.6 Ku
Ki 2.0 Kp/Tu
Kd Kp Tu/8.0
The Simulink PID block can be seen in Fig. 3.3. The reset line has as impor-
tant role: it resets the integral part of the PID when the control type changes to
admittance or torque. Otherwise, the controller keeps the integration process
and goes unstable next time HAL switches back to it.
One more characteristic related to the safety of the patient that has to be
taken into account is the maximum range of motion. Since some patients have
the extension and/or flexion movements limited, the joint range of the motion
for each joint can be shortened individually. This procedure assure that the de-
vice do not cause injuries to the user.
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3.2.2 Admittance Control
Since the exoskeleton is attached to the patient’s limbs, it should be very com-
pliant to the user’s movements. Otherwise, it can cause injuries to the patients
by applying too much force against the limb.
The force exerted by exoskeleton actuators and the resulting motion is known
as mechanical impedance (Hussain et al., 2011). The idea behind admittance
control is to make the actuators show low impedance (high admittance) when
moved by patient’s limbs. This low impedance behavior is know as backdrive-
ability (Krebs et al., 2000). Good backdriveability has important advantages in
robotic therapy devices (Reinkensmeyer et al., 2002), including the ability to act
as a passive actuator to capture movements (Ichinose et al., 2003).
The patients would not feel any resistance when moving their limbs if the
mechanical impedance of the exoskeleton could be zero. This zero impedance
can only be achieved theoretically, due to inertia and friction of the actuators
and the controller time delay (Hoogen et al., 2002). However, low impedance
can be achieved if a control mode is implemented to drive the motors based on
intention of the user. Thus, to make the exoskeleton act as a passive actuator, this
control strategy uses the force applied by the user to the exoskeleton links and
tries to maintain at a minimum value the torque of interaction between subject
and exoskeleton. To create a low impedance output control, the speed of the
actuator ωi is given by (3.5).
ωi =
(Fd − Fi)K
Js+B
(3.5)
Fd is the desired force that the users should feel when trying to move their
limbs. For a totally passive actuation, this force is set to zero. The force sensors
on the exoskeleton’s links are used to capture the users intention of motion,
Fi. The resulting angular velocity ωi is calculated based on the inertia J and
damping B of the exoskeleton, where K is a gain constant.
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The admittance controller receives the interaction torque as input and ren-
ders velocity as output. The desired output impedance is the set point to the
controller. Based on the feedback torque, the controller keeps the desired output
level of mechanical impedance. First, a PID controller was used for this pur-
pose. This led to some problems. The controller should be very stable, avoiding
any kind of oscillation that can cause loose of balance and injures to the pa-
tients. Since the interaction torque signal present some noise, the derivative part
of the controller was introducing some instability. A PI (Proportional-Integral)
controller was not presenting a fast enough response.
Another important aspect related to safety is that the output velocity should
be proportional to the interaction torque but it should also take into account
the limits of the joints. To avoid exceeding joint limits and, therefore, possible
damage or instability to the user, the admittance control system includes a lim-
iting position controller. This means that when the mechanical limits have been
reached, the joint speed decreases proportionally and safely limit the move-
ments of patient’s joint. So, the controller should have two inputs: interaction
torque and joint position.
A Fuzzy controller was chosen and it has proved to be a good option. It has
the advantage of allowing multiple inputs and shown to be more stable than a
PID in this application.
The interaction torque input in the Fuzzy controller was defined with 5 Gaus-
sians, named: HExt (high joint extension), LExt (low joint extension), Zero (no
joint torque), LFlex (low joint flexion) and HFlex (high joint flexion). The po-
sition input was defined with 2 Gaussians, named: Llim (low joint limit) and
Hlim (high joint limit). Based on the position input, when reaching the mechan-
ical limits the controller creates a virtual spring that proportionally stops and
pulls back the joint slowly.
The controller output was defined with 5 triangular shapes named: Efast
(fast joint extension), Eslow (low joint extension), Stopped (joint stopped), Fslow
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(slow joint flexion), Ffast (fast joint flexion).
The core of a Fuzzy controller are the rules that tells it how the output be-
haves based on the inputs. For the admittance controller, 15 rules for controlling
the joint speed and direction were created. The rule description can be seen in
Table 3.3.
Table 3.3: 15 rules created for the admittance controller based on the interaction torque and
position inputs.
1 If (Torque is HExt) and (Position is Llim) then (motor is Stopped)
2 If (Torque is Zero) and (Position is Llim) then (motor is Stopped)
3 If (Torque is HFlex) and (Position is Llim) then (motor is Ffast)
4 If (Torque is LExt) and (Position is Llim) then (motor is Stopped)
5 If (Torque is LFlex) and (Position is Llim) then (motor is FSlow)
6 If (Torque is HExt) and (Position is Hlim) then (motor is EFast)
7 If (Torque is Zero) and (Position is Hlim) then (motor is Stopped)
8 If (Torque is HExt) and (Position is Hlim) then (motor is Stopped)
9 If (Torque is LExt) and (Position is Hlim) then (motor is ESlow)
10 If (Torque is LFlex) and (Position is Hlim) then (motor is Stopped)
11 If (Torque is HExt) and (Position is not Llim) then (motor is EFast)
12 If (Torque is LExt) and (Position is not Llim) then (motor is ESlow)
13 If (Torque is HFlex) and (Position is not Hlim) then (motor is EFast)
14 If (Torque is LFlex) and (Position is not Hlim) then (motor is FSlow)
15 If (Torque is Zero) then (motor is Stopped)
The output surface generated is depicted in Fig. 3.4. In this 3D surface, it can
be seen how the Fuzzy output behaves related to the position and torque inputs.
The same controller was designed for different joints. Since hip, knee and
ankle joints are mechanically different, the controller was normalized to 1 and
has an input and output gain that can be adjusted based on the joint character-
istics. The Simulink model can be seen in Fig. 3.5. A saturation block avoids
that the output increases too much, generating possible dangerous high-speed
movements to the patient’s limb.
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Figure 3.4: 3D surface representing the Fuzzy output.
Figure 3.5: Fuzzy controller in Simulink. A input and output gain adjusts the controller for
different joints.
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Figure 3.6: Torque control block developed. When reaching the maximum limits, the controller
stops the joint movement.
3.2.3 Torque Control
The third controller implemented in HAL is torque control. It can control the
torque delivered to each actuator. The implementation uses a PID digital con-
troller as seen in equation 3.4.
The development strategy for torque control was very similar to that for po-
sition control. The parameters Kp, Ki and Kd were calculated based on the
Ziegler-Nichols tuning method, followed by a manual correction to avoid over-
shoot and stationary error.
In torque control, the maximum and minimum range of motion can be set
using bytes 4 and 5 of the command array. The control creates a virtual joint limit
that stops the movements when reaching these points. The developed Simulink
block for torque controller can be seen in Fig. 3.6.
3.3 Signals Output
The last main block in the HAL is the signals output. Since there are three differ-
ent controllers, the correct output should be directed to the motor’s drive. This
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task is done by an output decoder based on byte 2 of the command bus com-
ing from HLC. A saturation block is used to safely limit the outputs, avoiding
undesirable high speeds.
The output values are sent to the I/O boards. These boards converted the
digital output in an analog voltage in the range of±10 VDC. The analog voltage
lines are connected to the motor’s driver input reference. The drives controls the
speed and direction of the motors, based respectively on amplitude and sign of
the voltage.

Chapter4
Control Strategies and Preliminary
Experiments With a Healthy
Subject
“I hear and I forget. I see and I remember. I do and I understand.”
Proverb.
Different control strategies were developed in order to carry out some ex-
periments with the exoskeleton. These experiments, carried out with healthy
subjects, are aimed to validate the developed hardware and software. More-
over, our intention is to improve the control strategies and safety of the device
for future use with patients in a clinical environment.
The HAL (Hardware Abstraction Layer), presented in the Chapter III, is used
here as a low level control. We have developed a HLC (High Level Control)
where two overground gait strategies were implemented: Trajectory Control
and Adaptative Trajectory Control. These two strategies are discussed subse-
quently. The HLC was implemented in the same PC104 that runs the HAL and
uses Simulink blocks and Matlab code to implement the algorithms.
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4.1 Trajectory Control
Position or trajectory control is a widely implemented robotic strategy (Hussain
et al., 2011), and can be found in several works, as in (Colombo, G., Joerg, M.,
Schreier, et al., 2000), (Aoyagi et al., 2007), (Wisneski, K.J., Johnson, & M.J., 2007),
(Montagner et al., 2007). In this control mode a position controller guides the
patient’s limb to a fixed reference path, while receiving the joint angles as a
feedback.
In our work the reference trajectory is a normal gait pattern previously recorded
from a healthy subject. This reference trajectory was recorded using a motion
system capture based on high speed infrared cameras. In the experiment the
subject uses special markers attached to body segments of interest (lower limbs
in our case). These markers reflect the infrared light. Thus, the motion system
can track the markers online from the several cameras. Then, offline, the trajec-
tory performed by the subject can be reconstructed in 3D. After this process, we
have the angles of hip, knee and ankle joints for the two legs.
The gait was performed at rate of about one step per 3 seconds. The software
stores one angle value for each joint each 15 milliseconds. Thus, we have a table
of 200 x 6 bytes obtained from motion capture software for one step. Since the
human gait is a cyclic process, we just need to store the angles for one step.
This angle table is stored in the PC104 memory. The HLC gets angles from
the table and feeds the position control presented in Chapter III. By coordinating
the time between two successive angles, the HLC can coordinate the gait speed
of the exoskeleton. The position controller is fed by the HLC with the angles
for step after step, synchronizing the two legs movements. The timing in this
process can vary the gait speed.
The speed can be controlled by the smartphone interface. Just three different
speeds are available at the interface because the purpose is to test the exoskele-
ton gait, but HLC, of course, is not limited for these three speeds.
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4.2 Adaptative Trajectory Control
The trajectory control presented can drive the exoskeleton in the gait process.
But because the gait pattern differs slightly between individuals, the implemen-
tation of a trajectory control based on a pattern of another individual can some-
times lead to some drawbacks. In order to allow the exoskeleton to adapt its
recorded gait pattern to the peculiarities of each subject and to avoid injuries,
the trajectory control takes into account the interaction torque between the sub-
ject and exoskeleton, in order to produce an adaptative gait. This type of control
can be understood as an improvement of trajectory control, and the idea behind
is to guide the patient’s limb to a reference trajectory allowing a variable devia-
tion based on the amplitude of the interaction torque. As the torque increases,
the robot proportionally applies a correction to its trajectory in an attempt to
adapt its gait pattern to the subject’s gait. The deviation level from the reference
can be adjusted by the therapist.
In Fig. 4.1 the dual loop scheme for this adaptive trajectory control can be
seen. The adjusted trajectory angle θadj is given by equations 4.1 and 4.2, where
s is the Laplace operator.
θadj = θref − θint (4.1)
θint = Gint
Ti
Js2 +Bs
(4.2)
θref is a matrix containing the recorded angles used as a reference trajec-
tory for the exoskeleton gait. θint is the angle related to the interaction torque
between exoskeleton and subject’s limb and θadj is the adjusted reference that
feeds a position controller for the actuator of the exoskeleton. The controller
has θm as a feedback angle from the angular position sensor. Fi is the force of
interaction measured by sensors on the links of the exoskeleton. Based on this
measured force and exoskeleton mechanical parameters such as link length, the
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Figure 4.1: Scheme of the adaptative trajectory control. Based on the torque of interaction, the
recorded trajectory is adapted to the user’s gait.
interaction torque Ti can be estimated. Using the value of inertia J and damp-
ing B of the exoskeleton, the velocity of interaction θ˙i can be calculated and the
angle θi as well.
This calculated angle of interaction increases or decreases proportionally to
the interaction torue between the subject and exoskeleton. If the interaction
torque increases, it means that the difference between the trajectory of the sub-
ject’s limb and the trajectory of the exoskeleton has increased. Thus, θint, given
by equation 4.2, increases and it’s subtracted from θref , giving to the position
controller a corrected angle. The maximum value that the corrected trajectory
can deviate from the recorded trajectory can be adjusted using the gain Gint.
This gain is a value between 0 and 1, where 0 allows no deviation from refer-
ence trajectory.
Figure 4.2 depicts a scheme that illustrates the concept of this control method:
around the reference trajectory a virtual tunnel is created. The width of the tun-
nel is given by the gain Gint, where 1 represents an infinite width. The inter-
action torque act as a spring, allowing a proportional deviation from reference,
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Figure 4.2: Concept of the adaptative trajectory control: A virtual tunnel is created along the
reference trajectory with the width given by Gint. The interaction torque act as spring, allowing
a proportional deviation from reference, but keeping the trajectory inside the tunnel.
but keeping the trajectory inside the tunnel.
Therapists can change this gain value for each situation based on the type of
therapy and patients disability. The advantage of this adaptive trajectory control
is the possibility to adapt the exoskeleton gait patterns for different individuals
interactively, without requiring a manual adjustment for each patient.
Another way to use trajectory control adapted to a specific subject is based
on learning mode, where the exoskeleton records the movements of the limbs
during assistive training. The recorded movements are then replayed during
active training. This technique was used in the work of Emken et al. (Emken et
al., 2008).
A learning mode strategy requires that the movement of the leg should not
be hindered, and thus, the mechanical impedance of the exoskeleton should be
minimized. However, since the actuators used in the developed exoskeleton
have a high mechanical impedance output, a control strategy has to be imple-
mented to reduce this impedance and make it more compliant.
56 Control Strategies and Preliminary Experiments With a Healthy Subject
4.3 Low Impedance Control
The patients would not feel any resistance when moving their limbs if the me-
chanical impedance of the exoskeleton could be zero. Since the exoskeleton ac-
tuators are not backdriveable, a low impedance control mode was implemented
to drive the motors based on intention of the user. This task is carried out by
the admittance control explained in the Chapter III. When this control type is
applied with the desired force Fd set to zero, the exoskeleton has the ability to
act as a passive actuator to capture movements. As the exoskeleton is very com-
pliant with movements of the user in this control mode, it is suitable to execute
the learning process.
The therapist is able to manually assist the movements of the patient, while
the robot can record the joints trajectories. When this task is complete, for exam-
ple, a sit-to-stand movement, the therapist stops the learning process. Now, the
trajectory can be replayed by the exoskeleton, using the trajectory control mode
described before.
Another important feature of the learning mode is that the recorded trajec-
tory can be saved for a future use. It includes the possibility of using it with
a different patient. More than that, learning mode can be merged with Adap-
tative Trajectory Control previously presented in this Chapter. In this way, the
recorded trajectory can be adapted to a different user. This can save therapy
time, and also includes the possibility of recording a movement from a healthy
person and later adapting it for use with a patient.
4.4 Experimental Results
An experiment was carried out using trajectory control with the previous recorded
angles. The objective was to evaluate if the exoskeleton can replicate the gait
process based on a recorded step. In this experiment a healthy subject (33 years
old, male) walked overground 5 minutes guided by the exoskeleton. The user
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Figure 4.3: Exoskeleton actuation performance when using trajectory control. Right knee tra-
jectory while walking is showed.
interface was used to start and to stop the gait process and to change the gait
speed. A laptop connected to the PC104 via Ethernet communication stored the
position and torque data of all joints, but for brevity, hereafter will be analyzed
the data of a single joint, the right knee.
Figure 4.3 depicts the trajectory stored and the trajectory performed by the
exoskeleton. The result of gait was really good. Just using one step recorded, the
exoskeleton could generate a smooth gait process. The speed could be changed
during gait using wireless commands send by the user interface.
Another experiment was performed using adaptative trajectory control, de-
scribed earlier in this Chapter. As in the first experiment, a healthy subject
walked 5 minutes guided by the exoskeleton. The objective was to evaluate
if the fixed gait pattern stored in the exoskeleton could be adapted to a specific
user based on the interaction torque. All angles and torques were acquired using
the Ethernet connection.
The adaptative trajectory control generates a gait pattern step after step based
on the recorded angles. Two virtual walls are built along this trajectory by the
algorithm. The width between these walls is adjusted by the gain Gint. The
torque of interaction acts as a spring allowing a deviation from the recorded tra-
jectory, but always confined between these walls. Figure 4.4 depicts the right
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Figure 4.4: Exoskeleton actuation performance when using adaptative trajectory control. Right
knee trajectory while walking is showed.
knee angles reference and the trajectory performed using Gint = 0.4.
Comparing Fig. 4.3 and Fig. 4.4, there is a visual difference that represents
the adaptation of the gait. In the first one, the gait performed is too much close
to the gait recorded. No variation is allowed. In the second one, if the torque of
interaction increases, the performed trajectory proportionally departs from the
fixed reference.
One last experiment was carried out using the admittance control to evaluate
the compliance of the robot when guided by the user. In this experiment the
subject was encouraged to walk normally when using the robot. Hip, knee and
ankle actuators were controlled in admittance mode with the desired force Fd set
to zero, so the user should feel a minimum value of mechanical impedance when
moving his limbs. The knee joint angle and the interaction torque are shown in
Fig. 4.5. It can be seen that the torque cannot be reduced to zero (which can only
be achieved ideally), but oscillates at a very low value range, approximately ±4
Nm.
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Figure 4.5: Exoskeleton passive actuation performance by using admittance control. Knee tra-
jectory while walking is showed.

Chapter5
Conclusions and Future Work
“While no one can go back and make a new start, anyone can start now and make a
new end.”
Francisco Xavier.
5.1 Conclusions
A robotic exoskeleton intended to be a powerful assistant for overground gait
training has been developed. The device consists on a “powered suit” that is
worn by the patient. The objective is creating a tool to help clinicians in the
rehabilitation process of stroke and spinal cord injury patients.
The mechanical structure of the device is basically composed by aluminum.
The device has powered hip, knee and ankle joins. This characteristic is an im-
provement compared with the state of the art of exoskeletons for rehabilitation,
which only have powered hip and ankles joints. Another important feature com-
pared with other exoskeletons is that it allows an easy adjustment for different
patients sizes, accommodating people from 1.5 to 1.9 meters in height.
The joint actuators are DC brushless motors coupled to strain wave gear.
This set brings a powerful, low consumption and lightweight solution for an
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ambulatory device. The whole exoskeleton is powered by a Lithium-ion bat-
tery pack. Tests with healthy subjects have shown that the battery can provide
enough power for about two hours of normal use of the device. For a continuous
walk, the battery power is enough for about one hour.
The control of the device is carried out by an embedded computer PC104
that runs a Matlab kernel. The software was developed using Simulink and the
code was upload into the PC104 using xPC Target. A user interface was also
developed for controlling the device. This interface was programmed in Java
and runs on a smartphone. It controls the exoskeleton through commands sent
with Bluetooth technology.
The exoskeleton’s joints are equipped with position and interaction torque
sensors. Custom-made electronic boards, placed on each joint, digitalize the
sensors information and send it to the embedded computer by a CAN data bus.
Different tests were carried out to evaluate the robotic exoskeleton. An ex-
periment carried out with a subject wearing the exoskeleton showed that it can
generate a gait pattern adapted for a specific user from a recorded gait pattern.
This adapted gait can be adjusted by clinicians, allowing the implementation of
assist-as-needed therapies. As an ambulatory exoskeleton, it allows overground
gait therapies, which can challenge the patients, and thereby, can be more effec-
tive to reinstate neuroplasticity and improve motor functions. It can also be a
valuable assessment tool at the disposal of clinicians.
In admittance control, tests with a walking subject confirmed that the con-
trolled impedance was low enough to allow for unhindered movement of the
legs. In this mode, the robotic exoskeleton can capture and record kinematic
and kinetic gait parameters, and therefore, it can be a powerful tool for biome-
chanics analysis too.
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So far, the device has been only used with healthy subjects. We are validating
the safety and reliability of the device with more healthy subjects. Then together
with clinicians, studies will be designed and conducted of the immediate and
long term effects of this type of rehabilitation in randomized trials with patients.
One target population is stroke patients. In gait rehabilitation of stroke,
wearable robots assume the task of moving the patient’s leg in a normal gait
pattern, usually in an assist-as-needed paradigm. This means that the exoskele-
ton should only apply the force required to complete the patient’s movement
on impaired limb. This approach can lead to an increase in volitional physical
effort while also allowing the subject to focus on the gait process, which can be
more effective to motor learning.
Others different types of robotic therapy can also lead to some faster recov-
ery from gait impairment. In future work, different robotic strategies will be
compared trying to identify which one can be more effective, since in the litera-
ture there is a lack of direct empirical comparison between robotic assisted gait
therapies.
5.3 Publications
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national Conference on Robotics and Automation. Karlsruhe, Germany,
2013.
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